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Rhombomere 1The interpeduncular nucleus (IP) is a key limbic structure, highly conserved evolutionarily among verte-
brates. The IP receives indirect input from limbic areas of the telencephalon, relayed by the habenula via
the fasciculus retroﬂexus. The function of the habenulo-IP complex is poorly understood, although there is
evidence that in rodents it modulates behaviors such as learning and memory, avoidance, reward and affec-
tive states. The IP has been an important subject of interest for neuroscientists, and there are multiple studies
about the adult structure, chemoarchitecture and its connectivity, with complex results, due to the presence
of multiple cell types across a variety of subnuclei. However, the ontogenetic origins of these populations
have not been examined, and there is some controversy about its location in the midbrain-anterior hindbrain
area. To address these issues, we ﬁrst investigated the anteroposterior (AP) origin of the IP complex by fate-
mapping its neuromeric origin in the chick, discovering that the IP develops strictly within isthmus and
rhombomere 1. Next, we studied the dorsoventral (DV) positional identity of subpopulations of the IP com-
plex. Our results indicate that there are at least four IP progenitor domains along the DV axis. These speciﬁc
domains give rise to distinct subtypes of cell populations that target the IP with variable subnuclear speciﬁc-
ity. Interestingly, these populations can be characterized by differential expression of the transcription factors
Pax7, Nkx6.1, Otp, and Otx2. Each of these subpopulations follows a speciﬁc route of migration from its
source, and all reach the IP roughly at the same stage. Remarkably, IP progenitor domains were found both
in the alar and basal plates. Some IP populations showed rostrocaudal restriction in their origins (isthmus
versus anterior or posterior r1 regions). A tentative developmental model of the structure of the avian IP is
proposed. The IP emerges as a plurisegmental and developmentally heterogeneous formation that forms ven-
tromedially within the isthmus and r1. These ﬁndings are relevant since they help to understand the highly
complex chemoarchitecture, hodology and functions of this important brainstem structure.
© 2011 Elsevier Inc. All rights reserved.Introduction
The interpeduncular nucleus (IP) is a highly conserved structure
in all vertebrates, found subpially across the median ﬂoor plate of
the brainstem at the posterior end of the interpeduncular fossa. The
IP receives its major input from the medial habenula (mHb) via the
fasciculus retroﬂexus (Contestabile and Flumerfelt, 1981; Herkenham
and Nauta, 1979) and shows widespread projections, both ascendingvas), marin@um.es (F. Marín),
unex.es (M. Hidalgo-Sánchez),
pilaroca@um.es (P. Aroca).
rights reserved.(to limbic structures) and descending (mainly to the raphe nuclei;
Groenewegen et al., 1986).
Functional studies on the mHb-IP axis suggest its implication in a
variety of brain functions and behaviors such as learning and memo-
ry, motor activity, stress, affective states (anxiety, depression, reward
phenomena), as reviewed by Klemm (2004) and Hikosaka (2010).
The IP consists of several cyto- and chemoarchitectonically distinct
cell groups organized in a complex tridimensional structure (Hamill
and Lenn, 1984; Hamill et al., 1984; Hemmendinger and Moore,
1984; Ives, 1971). Studies in mammals have addressed the diverse
adult neurotransmitter phenotypes of its neurons and its projections
to multiple brain areas, largely of the limbic system (e.g., Ferraguti et
al., 1990; Groenewegen et al., 1986; Klemm, 2004; Nieuwenhuys et
al., 1998; Panigrahy et al., 1998; Shibata and Suzuki, 1984; Shinoda
et al., 1988).
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differentially characterized by their neurotransmitter or peptide typol-
ogy, or producing distinct projections, should be generated in different
progenitor domains during development. However, the literature has
not addressed to date the possible correlation of these cytochemical
and hodologic subdivisions with embryological heterogeneity.
Concerning its adult topography, the location of the IP is still con-
troversial, and it has been contradictorily attributed either to the mid-
brain (Hanaway et al., 1971; Panigrahy et al., 1998; Quina et al., 2009),
to the rostral hindbrain (Herrick, 1934; His, 1892, 1895; Nieuwenhuys
et al., 2008; Puelles et al., 2007; Ziehen, 1906) or even to the dience-
phalic tegmentum (Bayer and Altman, 2006).
Contemporaneous studies on the origin of spinal cord cell types
have shown that positional patterning differences at the level of
neuroepithelial progenitors arranged along the dorsoventral dimen-
sion of the neural tube wall underlie important aspects of neuronal
subtype diversity. This occurs in the context of ventralizing and
dorsalizing developmental instructive mechanisms that control dif-
ferential molecular speciﬁcation of the neuroepithelium (Briscoe
and Ericson, 2001; Dessaud et al., 2010; Jessell, 2000; Shirasaki
and Pfaff, 2002).
We have applied the same logic to analyze the developmental
construction of the IP. Previous studies had shown that some subpop-
ulations of the adult interpeduncular nucleus express Pax7 (Stoykova
and Gruss, 1994) or Nkx6.1 (E. Puelles et al., 2001), these being tran-
scription factors known to characterize different DV progenitor
domains in the developing hindbrain. On the basis of these studies,
our working hypothesis was that this nuclear complex might have
multiple dorsoventral origins of its subpopulations.
In this study we focused on the origin and development of diverse
molecularly characterized subpopulations of the chicken IP complex.
The position of the mature IP subpially across the midline raises the
question whether these cells originate locally at the ﬂoor plate
domain, or migrate in from other longitudinal zones (basal or alar
plates). We ﬁrst addressed the potential existence of distinct progen-
itor domains for subpopulations of the IP, examining various molecu-
lar proﬁles and locating precisely the respective positions along the
dorsoventral (DV) and anteroposterior (AP) axes. To this end, we
ﬁrst analyzed the expression pattern of the previously identiﬁed IP
marker genes PAX7 and Nkx6.1, later adding to the analysis two
other IP markers identiﬁed by us, Otx2 and Otp. The analysis was per-
formed at several embryonic stages of development, to illuminate
apparent migration paths, and comparisons with DV and AP reference
marker genes established the relative topography of both the progen-
itor domains and the migrating cells.
Recognition of speciﬁc differential molecular markers for the IP
nucleus helped us also to address its controversial topology, using
speciﬁc transcription factors serving as AP reference markers and
quail-chick experimental fate mapping. To date, no other studies
have analyzed in detail the development of this complex nucleus in
any species. The present data provide the ﬁrst experimental examina-
tion of the anteroposterior (AP) and dorsoventral (DV) origin of IP
subnuclear populations in any vertebrate.
We identiﬁed four separate progenitor domains whose derivatives
variously contribute to the IP complex; these each express differen-
tially one of the analyzed transcription factors. It turns out that the
IP integrates neuronal cohorts with separate alar versus basal, or ros-
tral versus caudal, origins. It was possible to trace the migratory route
of the respective derivatives into speciﬁc parts of the IP complex. Our
data provide further evidence corroborating that positional molecular
identity of the neural progenitors is an organizing principle underly-
ing phenotypic diversity among the different neuronal subpopula-
tions of a nuclear complex such as the IP. It is expected that present
highlighting of developmental molecular diversity at the IP may
help understand the alternative chemoanatomic and hodologic prop-
erties coexisting within this nuclear complex.Materials and methods
Animals
All animals were treated according to the regulations and laws of
the European Union (86/609/EEC) and the Spanish Government
(Royal Decree 223/1998; revised Royal Decree 1021/2005) for the
care and handling of animal in research. Fertilized chick (Gallus gal-
lus domesticus) and quail (Coturnix coturnix japonica) eggs were in-
cubated in a forced draft incubator at 38 °C. The stage of the
embryos was established according to the Hamburger and Hamilton
(1951) tables (stages HH). The embryo heads were ﬁxed overnight
in cold PFA 4% in PBS, and the brains were dissected before further
processing.
Embryos to be sectioned with vibratome were previously embed-
ded in 4% agarose in phosphate-buffered saline solution (PBS) and
sectioned 100 μm-thick using a vibratome (data in Figs. 1–4A–D and
5) or, alternatively, dehydrated for parafﬁn embedding (results in
Fig. 4E–L) or cryoprotected for cryostat sectioning (data in Fig. 6).
The selected sectioning planes (transverse, horizontal or sagittal) re-
ferred speciﬁcally to r1, considering the axial incurvation caused by
the cephalic ﬂexure (Puelles et al., 2007). The sections were then pro-
cessed for in situ hybridization and/or immunohistochemistry.
Embryos selected to be cryostat-sectioned were cryoprotected in
10% sucrose solution in PBS and embedded in 10% gelatin/10% sucrose
solution in the same buffer. The blocks were frozen for 1 minute in
−70 °C isopentane cooled on dry ice, and then stored at −80 °C.
Cryostat serial sections 20 μm-thick were cut sagittal or transverse
to r1, mounted as parallel sets on SuperFrost slides, and stored at
−80 °C until used.
Quail-chick chimeras
Homotopic and isochronic quail-chick grafts of r1, r2 or isthmus
were performed, using quail embryos as donors. The embryos were
operated at stage HH10, and the chimeras where ﬁxed at stages
HH36–38 (10–12 days in ovo). The grafts affected one-half of the
neural tube, and included different DV extents of the neural tube
wall as judged from the dorsal midline, with some attached meso-
derm. Some chimeras (such as chimera 1) were ﬁxed overnight in
4% paraformaldehyde in PBS, and the heads were embedded in 4%
agarose to obtain three parallel series of 80 μm-thick transverse sec-
tions; these were used for different in situ probes in comparable adja-
cent sections. Other chimeras (such as chimeras 2 and 3) were
immersed overnight in Clarke's ﬁxative, ulteriorly washed, dehy-
drated and embedded in parafﬁn, sectioned 12 μm-thick and
mounted in two parallel series. One series was stained with cresyl vi-
olet for cytoarchitectural analysis, and the other was immunoreacted
with anti-quail antibody (QCPN) (monoclonal mouse anti-quail anti-
body from the Developmental Studies Hybridoma Bank, Iowa Univer-
sity, Iowa City, IA). The QCPN selectively labels the cell nuclei of quail
cells and thereby identiﬁes the grafted tissue (labeled ventricular
zone) and its derivatives (labeled mantle zone populations).
RNA probes
Digoxigenin-labeled riboprobes were synthesized from cDNAs
kindly provided by other laboratories, as follows: Dbh and ChAT from
H. Rohrer (Developmental Neurobiology, Max-Planck-Institute for
Brain Research, Frankfurt, Germany), Fgf8 from GR. Martin (Dept.
of Anatomy and Program in Developmental Biology, University of
California, San Francisco, CA USA), Hoxa2 from R.J. Wingate (MRC
Centre for Developmental Neurobiology, King's College London,
Guy's Campus, London UK), Phox2a from J.F. Brunet and C. Goridis
(Ecole Normale Supérieure, Département de Biologie, Paris, France),
Otp and Otx2 from A. Simeone (CEINGE Biotecnologie Avanzate,
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Fig. 1. Origin and localization of PAX7-positive migratory cells within r1. A, Schematic cross-section through r1 in a HH23 chick embryo showing PAX7 expression in the alar
ventricular zone (VZ). The red box marks the area visualized in B and the transverse sections E, F, and H–J. B, Composite schema illustrating mutual relationships between the
domains expressing the transcription factors selected in this work. PAX7-migratory cells are originated restrictedly in the VZ delimited between the red and blue arrowheads.
C–F, Transverse sections at isthmus (C,E) and rhombomere 1 (D,F) levels, oriented as indicated in the diagrams in C and D, respectively, identify the earliest appearance of
PAX7-positive cells in the mantle zone (MZ). Phox2a expression is used as a reference marker for isthmus and r1 (it labels trochlear motoneurons – 4 – at the isthmus and the
locus coeruleus – LoC – at r1). Insets D′–F′ show enlarged views of the respective boxed areas. At HH24, the ﬁrst PAX7-positive cells detach from the ventralmost part of the
alar r1 VZ. G–J, Distribution of PAX7-positive cells in the r1 mantle zone at HH26. G, sagittal section showing PAX7-immunoreactive cells (brown) compared to in situ hybridization
for Fgf8 in the isthmus and for Hoxa2 in r2 (both in blue). PAX7 cells are restricted to r1 and do not cross the boundaries with the isthmus or r2. G′ shows an enlarged view of the r1–
r2 limit boxed in G (inset and arrow). H–J, Three transverse sections in rostrocaudal order, labeled with reference markers. PAX7-positive cells are restricted to the mantle of r1. H,
The isthmus is strongly labeled with Fgf8 and no PAX7 cells are present. I, PAX7-immunoreactive cells (brown) in r1 compared with in situ hybridization for dopamine-beta-
hydroxylase (Dbh) (blue, expressed in LoC as a reference marker for r1). J, Expression of Hoxa2 and Dbh (both in blue) are shown within r2 (Dbh in the subcoeruleus nucleus).
Hoxa2 is used as a reference marker for r2. Red arrowheads point to the alar–basal boundary at the VZ. Red asterisks indicate the ﬂoor plate. K–L, Parasagittal sections (from region
boxed in the inset in K) showing double labeling with PAX7 antibody (brown) and in situ hybridization for either Nurr1 or Hoxa2 (both in blue). Nurr1 (in K) and Hoxa2 (in L) are
used as reference markers for the rostral and caudal boundaries of r1, respectively. At HH37 and HH38, PAX7-positive cells are still restricted to r1. Scale bars=200 μm.
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Fig. 2. Routes of migration and ﬁnal fates of PAX7-positive cells in the IP. A–D, Distribution of PAX7-labeled cells (brown) at HH30, HH33, HH36 and HH39 in sections transverse to
the rostral part of r1 (the diagram in A indicates the region shown in all transverse sections below). PAX7-positive cells enter a ventromedial subventricular migratory stream
(A), continuing after a turn into a paramedian route (B) until they reach the subpial paramedian mantle (C), where they participate in forming the interpeduncular nucleus (D).
E, Diagram depicting the origin, route and ﬁnal destination of the PAX7-positive migratory population as inferred from our results. Red arrowheads indicate the alar-basal boundary
at the VZ. F–G, PAX7 expression in paramedian sagittal sections at stages HH36 and HH39. There is a noticeable increase in the number of PAX7 cells traversing radially the mantle
zone of the rostral part of r1 to reach the rostral part of IP (r1-r; IPR in F); similar cells reach later the caudal part of r1 to form part of the IP (r1-c; IPC in G). Note the lack of PAX7
expression in the Pro subdivision of the IP. The inset G’ shows the same section without our interpretation. H, Schema of the inner structure of the three main rostrocaudal IP por-
tions at HH39 (Pro, IPR and IPC), positioned at Ist, r1-r and r1-c levels, respectively (extrapolated from G). I–K, Selected transverse sections through Pro, IPR and IPC, respectively
(section levels given in H) and labeled with PAX7 antibody to represent a map of IP subdivisions. L–N, Schematic cross-sections, illustrating the Pro, IPR and IPC (extrapolated from
I–K). Note that IPR and IPC show a similar inner organization into core, dorsal and lateral shell-like portions (same color code is used for similar regions in H, L–N). See meaning of
name tags for individual subnuclei in Abbreviations List. Red asterisks indicate the ﬂoor plate. Scale bars=200 μm.
15B. Lorente-Cánovas et al. / Developmental Biology 361 (2012) 12–26Naples, Italy), Nkx6.1 and Nkx2.2 were from J.L. Rubenstein (Depart-
ment of Psychiatry and Nina Ireland Laboratory of Developmental
Neurobiology, University of California, San Francisco, CA, USA). The
cDNA of Nurr1, Dbx1 and Dbx2 were obtained from the BBSRC Chick
EST Database (Boardman et al., 2002).In situ hybridization
Sagittal and transverse sections were processed for in situ hybridi-
zation using digoxigenin-labeled antisense RNAprobes as described in
Nieto et al.(1996). Alkaline phosphatase (AP)-conjugated anti-DIG
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Fig. 3. Origin and ﬁnal fate of Nkx6.1-positive cells in the IP. A–D, Transverse sections through rostral r1 (A-C) and Ist (D) (high-magniﬁcation of the area boxed in A), showing
double staining with PAX7 antibody (brown) and in situ hybridization with Nkx6.1 (blue) respectively at stages HH27, HH31, HH34 and HH35. Red asterisks indicate the ﬂoor
plate. The brown and blue arrows point out the PAX7 and Nkx6.1-positive populations, respectively, which apparently follow parallel migratory routes. The two populations
have different origins in the ventricular zone, but they converge upon the IP, roughly at the same time, at HH35 (D). E,F, Oblique coronal sections through IP at HH39 showing
the population of Nkx6.1 cells in the Pro subnucleus. The levels of these sections are indicated in J. G,H, Two adjacent paramedian sagittal sections of the rostral hindbrain (region
boxed in G) at HH35, showing the AP extent of Nkx6.1 signal at the isthmus and r1, compared to PAX7-labeled cells in r1. I, Distribution of Nkx6.1-positive and PAX7-positive cells in
the IP at HH39. Nkx6.1 is strongly expressed in the Pro subnucleus, though some scattered cells also appear in the RCL subnucleus of the IPR, as expected from earlier Nkx6.1 ex-
pression in r1-r, shown in H. I′,I″ illustrate higher magniﬁcation of the areas boxed in I, highlighting the absence of cells coexpressing both markers (black arrows). J, Sagittal dia-
gram of the IP nucleus indicating the distribution of Nkx6.1-cells (blue circles) with respect to PAX7-cells (brown circles). K,L, Schema showing the origin and ﬁnal fate of Nkx6.1-
positive cells (blue circles) at the isthmus and rostral-r1 levels, respectively (region boxed in K). The majority of migratory Nkx6.1 cells form the Pro subdivision of the IP in the
isthmus, while fewer cells enter the RCL in r1-r. Scale bars=200 μm.
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ny; diluted 1:3500), and the NBT:BCIP substrates (Roche) were used
to reveal the reaction in blue.
Immunocytochemistry
Floating vibratome sections were processed for immunohisto-
chemistry either after ISH or independently. Antibodies used weremonoclonal anti-PAX7 and anti-QCPN (Developmental Studies
Hybridoma Bank; University of Iowa; dilutions 1:70 and 1:5, respec-
tively). For ISH combined with immunocytochemistry, we ﬁrst per-
formed ISH without postﬁxing with paraformaldehyde, and then
washed the sections with KTBT (50 mM Tris (pH 7.5), 150 mM NaCl,
10 mM KCl and 1% Triton X-100), before blocking in 20% sheep
serum in KTBT. This was followed by incubation with primary anti-
body in KTBT. The sections were afterwards washed with KTBT and
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KTBT overnight at 4 °C. The horseradish peroxidase reaction was per-
formed using the avidin–biotin–peroxidase complex (Vectastain ABC
kit; Vector Laboratories). HRP detection was carried out using stan-
dard diaminobenzidine tetrahydrochloride (DAB) and hydrogen
peroxide.
Image analysis
Digital photographs were taken on a Leica microscope (DMR HC)
equipped with a Zeiss Axiovision digital camera. Digital imageswere optimized for contrast and brightness in Adobe PhotoShop
(Adobe Systems, San Jose, CA), and ﬁgures were mounted and labeled
using Microsoft Ofﬁce PowerPoint.
Results
For description of IP development we systematically used sagittal
and transverse sections, the latter strictly oriented according to the
oblique topography of r1. This facilitates drawing conclusions about
the DV position of the observed cell populations. We empirically
found from the literature or previous personal observations that
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and RI subnuclei. F, Tripartite model of the IP, showing the location of cells double-labeled with Otp and PAX7, along with those single-labeled for Otp or PAX7 (compare E). H, Di-
agram summarizing the origin, migratory course (red arrow and circles) and ﬁnal fate of Otp-positive cells in the rostral-r1, compared to similarly migrating PAX7 cells (brown
circles). Cells coexpressing both markers are depicted as yellow circles. Scale bars=200 μm.
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lations. Some of these results were conﬁrmed by fate-mapping exper-
iments using quail-chick homotopic grafts. We used speciﬁc reference
markers of the isthmus-rhombomere 2 territory. The early isthmus
(Ist) was identiﬁed by the expression of Fgf8 (Liu and Joyner, 2001;
review in Echevarría et al., 2003; Zervas et al., 2005); alternatively,
the isthmic trochlear motor nucleus (4) was labeled by Phox2a(Pattyn et al., 1997), and the dopaminergic ventral tegmental area
neurons (VTA) in the isthmic and midbrain tegmentum were visual-
ized by the late expression of Nurr1 (Saucedo-Cardenas et al., 1998).
As a landmark of the rhombomere 1 (r1) we used the locus coeruleus,
the main noradrenergic nucleus in the brain, which is originated in
r1 (LoC; Aroca et al.;, 2006) and is labeled by Phox2a (Pattyn et al.,
1997) and Dbh (dopamine-b-hydroxylase). Finally, we used the
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(Prince and Lumsden, 1994; Rijli et al., 1993). Anatomical terminolo-
gy was adapted from the stereotaxic chick brain atlas of Puelles et al.
(2007).
PAX7-positive IP cells originate in alar r1
In an earlier work (Aroca et al., 2006) we ﬁrst noted that PAX7-
positive cells selectively migrated out from the r1 alar plate, entering
tangentially the adjacent basal plate. PAX7 signal generally character-
izes the alar ventricular zone (VZ) throughout the chicken hindbrain,
midbrain and part of pretectum (Fig. 1A,B; Jostes et al., 1990; Ju et al.,
2004; Ferrán et al., 2007). In r1 (and nowhere else in the hindbrain) a
speciﬁc group of mantle derivatives continues to express this marker
in the ventralmost sector of the corresponding alar zone (Aroca et al.,
2006; present results, Fig. 1G,I). Most of these r1 mantle cells migrate
into the basal plate. Here we examined this phenomenon in detail,
discovering that one of the targets of this migration was the develop-
ing IP complex. We will restrict our description to these cells.
Early phenomena
At HH21 no mantle cells expressed yet PAX7 in the isthmus or r1
(Fig. 1C,D). The ﬁrst PAX7 positive mantle cells appeared at HH22
(Fig. 5A,A′), and at stage HH24 they are clearly localized speciﬁcally at
the ventral rim of the r1 alar mantle zone (i.e., adjacent to the alar–
basal limit; Fig. 1F). Note that a cross-sections through isthmus-rostral
r1 almost lack of such cells (Fig. 1E). By stage HH26, the PAX7 cell popu-
lationwas larger andno longer appeared boundedby the alar–basal limit.
Many labeled cells penetrated tangentially the adjacent basal plate man-
tle (Fig. 1I). The referred migrating population does not overlap with
markers of the isthmic mantle such as Fgf8 (Fig. 1G), or Nurr1 (Fig. 1K).
Similarly, migrating PAX7 cells do not overlap with the r2 mantle zone,
identiﬁed by expression of Hoxa2 (Fig. 1G,L). Production of postmitotic
PAX7-positive cells at the ventral rim of the r1 alar plate continues at
least until HH34 (8 incubation days). They always initiate tangential mi-
gratory dispersion oriented exclusively towards the basal plate.
At HH30, the PAX7-positive stream reaches more deeply into the
basal plate, always under the ventricular zone, though a number of
cells also disperse radially into intermediate levels of the basal terri-
tory (Fig. 2A). By stages HH31–34, most PAX7-positive cells appear
aggregated in a ventromedial migratory stream, after surrounding
the medial longitudinal fascicle (mlf; Fig. 2B; see also 3B,C); this
stream now progresses radially ventralwards, parallel to the ﬂoor
plate. These cells ﬁnally reach the prospective subpial locus of the IP
at HH35–36 (9–10 incubation days; Fig. 2C,F; see also 3D) and even-
tually penetrate the median r1 ﬂoorplate territory, contributing im-
portantly to the formation of the IP complex (Fig. 2D,E,G-N).
The appearance of a mature morphology of the IP progresses ros-
trocaudally. In sagittal sections, the rostral IP is ﬁrst recognizable
within the rostral part of r1 at HH36, showing a characteristic apical
(dorsal) bulge (IPR; r1-r; Fig. 2F); at this stage the IP primordium is
still sparsely populated caudally. The caudal IP appears better deﬁned
in the caudal part of r1 at HH39 (IPC; r1-c; Fig. 2G,G′), a stage in
which several subdivisions can already be distinguished within each
of these rostral and caudal main divisions of the IP.
A tentative model of avian IP subdivisions which roughly agrees
with described mammalian ones can be established on the basis of
the heterogeneous distribution of PAX7 cells. This model was helpful
for mapping the subnuclear distribution of the other IP cell popula-
tions expressing different transcription factors. We systematized the
IP subdivisions apparent at stage HH39 in sagittal and transverse
planes, as shown in Fig. 2G–N. The corresponding terminology is free-
ly adapted from the literature (e.g., Puelles et al., 2007, and mamma-
lian studies; see Discussion).As was already advanced by Puelles et al. (2007), the avian IP com-
plex is primarily organized in three rostrocaudal divisions, identiﬁed
as prodromal (Pro), rostral (IPR) and caudal (IPC; Fig. 2G,H). The Pro
unit is PAX7-negative and lies in the isthmic ﬂoorplate (Fig. 2G,H,I,L).
The IPR, lying rostrally within r1, shows medial and lateral central
parts (RCM, RCL) that are covered by a dorsal shell regionwith dorsome-
dial and apical subnuclei (RDM, RA) and a lateral shell region divided
into intermediate and lateral subnuclei (RI, RL). The abbreviations for
all these subdivisions carry an “R” indicating integration within the
IPR (Fig. 2H,M). The RCM, RI and RDM units strongly express PAX7,
whereas RA has intermediate levels of this signal and RCL is largely
PAX7-negative (Fig. 2G,J). The IPC, lying in caudal r1, is also heteroge-
neous, being composed of medial and lateral central subnuclei (CCM,
CCL), surrounded by apical and lateral shell-like subnuclei (CA, CL).
The abbreviations for these subdivisions carry a “C” indicating integra-
tionwithin the IPC (Fig. 2H,N). PAX7 cells predominate in CCM, are scat-
tered in CA and CCL, and seem largely absent in the CL (Fig. 2G,K).
Nkx6.1 positive basal cells in the IP
The transcription factor Nkx6.1 is known to be expressed in the
ventricular zone and mantle of a central domain of the basal plate
across the diencephalon, midbrain, and hindbrain (Briscoe et al.,
2000; Qiu et al., 1998; Sander et al., 2000). E. Puelles et al. (2001)
studied this expression pattern in chick embryos, and showed the ex-
istence of Nkx6.1-positive cells within the IP. We examined how these
cells reach the IP, as well as their detailed topography within the
complex, compared to the PAX7-positive population.
There is a uniformly strong ventricular expression of Nkx6.1 in an
intermediate sector of the isthmic and r1 basal plate (Fig. 3A–H); this
domain is intercalated dorsoventrally between a lateral Dbx2-positive
basal domain and the well-known medial basal domain that ex-
presses Nkx2.2 (the latter lies adjacent to the ﬂoor plate; see diagram
in Fig. 1B). At HH27, weakly Nkx6.1-positive cells were observed sub-
ventricularly underneath the strongly positive ventricular patch of
the isthmus and rostral r1 (Fig. 3A). Between HH31 and HH34, part
of this population spreads radially towards the ventral surface, inde-
pendently of the ventromedial stream of PAX7 cells (Fig. 3B–C). At
HH35, this stream expresses Nkx6.1more strongly and gradually con-
verges ventrally and medially with the PAX7 cells at the superﬁcial IP
primordium (Fig. 3D,G,H). Observations at later stages indicate that
the major target of the Nkx6.1 cells within IP is the Pro division,
where they represent nearly its entire population (Fig. 3E,F,I,J,K),
whereas a less dense Nkx6.1 subpopulation enters selectively the
RCL subnucleus, intermixing there with PAX7 cells (Fig. 3I–J,L).
These two subgroups probably correspond to distinct isthmic and r1
components of this migration (Fig. 3H,I). Taken together, these data
indicate that the IP has at least a dual alar (PAX7-positive) and basal
(Nkx6.1-positive) origin. The Nkx6.1 positive populations in the IP
represent two independent though longitudinally continuous basal
origins. The Pro subnucleus seems to be entirely originated in the isth-
mus, in a PAX7-negative territory, while the RCL is originated in r1, as
suggested by the intermixed PAX7-positive alar subpopulation.
Dual origin of IP cells from alar and basal progenitors is corroborated by
quail-chick grafts.
In order to conﬁrm our results about the dual alar–basal origin of
PAX7 versusNkx6.1 cells of the IP, we performed quail-chick homotopic
grafts (Alvarado-Mallart, 1993; Le Douarin, 1993), labeling quail-
derived cells with the speciﬁc QCPN antibody. We ﬁrst grafted the alar
plate of r1 and isthmus at HH10–11 (approx. 2/3 of the D/V extent of
the lateral wall; e.g., chimera 1; Fig. 4A–D). The QCPN-positive IP cells
derived from the graft stopped at the border of the prodromal subnu-
cleus, identiﬁed by its differential Nkx6.1 signal (Pro; Fig. 4C,C′). The
IPR shows in transverse section a distribution of Pax7 mRNA signal
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port our conclusion about the existence of an alar–basal tangential mi-
gration of PAX7 cells and indicate that the origin of the Pro lies outside
the alar plate of r1 and isthmus (i.e., is restricted to the basal plate).
To further evaluate the dorsoventral and anteroposterior origin of
the PAX7 migratory cells, we selectively grafted the ventral portion of
the alar plate of rostral r1 (r1-r; predicted source of IPR) in experiments
represented by chimera 2 (Fig. 4E–H). QCPN-reacted sagittal sections at
HH38 showed that in this case only the IPR nucleus contained grafted
quail cells. The quail cells found within IPR clearly reproduced the IPR
subnuclear pattern previously observed with PAX7 immunoreaction
(compare Figs. 2G and 4G,H). The Pro subnucleus was unlabeled, as
expected, due to its isthmic basal origin. The IPC was similarly unla-
beled, supporting its origin in the caudal part of r1 (r1-c). These results
suggest that the alar PAX7-cell-generating progenitors of r1-r and r1-c
presumably contribute to the IPR and IPC, respectively.
In order to check whether any part of IPC derives from r2 rather
than caudal r1, we did quail-chick grafts of the whole D/V extent of
r2 at HH10–11 in experiments represented by chimera 3 (Fig. 4I–L).
At HH38, the QCPN-labeled territory clearly appeared just caudal to
the IPC, supporting the strictly caudal r1 origin of the latter (Fig. 4K,L).
Otp-positive cells in the IP
The transcription factor Orthopedia (Otp; Simeone et al., 1994) is
transiently expressed in chicken embryos in a longitudinal periventri-
cular stripe along the hindbrain between stages HH22–34 (Fig. 5A–C),
This well-delimited band of Otp-positive cells extends across the alar/
basal boundary as deﬁned by PAX7 immunoreaction. The ﬁrst Otp-
positive mantle cells appear around stage HH22 (Fig. 5A,A′). At HH24
and HH30 the corresponding subventricular mantle is more densely
populated by such cells, which stop dorsally precisely where the
PAX7-producing progenitor area ends (Fig. 5B-C; diagram in Fig. 1B).
In addition, at HH24 a thin periventricular stream of Otp-positive cells
extends medialwards, partially overlapping the ventromedial stream
of PAX7-positive cells (Fig. 5B). A sizeable proportion of the Otp cells
therefore partially overlaps with the tangentially migrating alar PAX7-
positive elements, though Otp-positive/PAX7-negative basal plate
derivatives also exist nearby (Fig. 5B,B'). At later stages we observed
Otp+/PAX7- (black arrows in insets of Fig. 5), Otp+/PAX7+ (red
arrows in the insets of Fig. 5) and Otp-/PAX7+ derivatives in the IP.
As observed for the PAX7 cells, Otp-positive cells do not accumulate
radially near their progenitor areas. Instead they migrate tangentially
parallel to (or mixed with) the PAX7-positive ventromedial migratory
stream. Once the migrating Otp population reaches the paramedian
basal plate, most of its cells course radially ventralwards, laterally or
overlapping the neighboring PAX7 elements, until they reach the IP
(Fig. 5C,D). By HH35, Otp-cells are no longer detected close to the alar
and basal progenitor regions (Fig. 5D).
The ﬁnal destination of these Otp-positive cells lies mainly within
the IPR, where they invade massively the dorsomedial and intermedi-
ate subnuclei, with a less important contribution to the central medial
subnucleus (RDM, RI, RCM; Fig. 5E–H). The Pro and IPC receive no
Otp-positive neurons (Fig. 5E,F). As mentioned above, we observed
at high magniﬁcation that single-labeled PAX7 or Otp cells coexist
with double labeled Otp-PAX7 cells (see insets Fig. 5E′G′).
These data indicate that Otp+/PAX7− IP cells possibly originate in
the lateral basal plate, adjacent to the alar/basal boundary, whereas
Otp+/PAX7+ IP cells are probably alar in origin and represent topo-
graphically restricted subpopulations within IPR of the previously
described alar PAX7-positive cells.
Otx2-positive basal cells in the IP
The transcription factor Otx2 controls forebrain and midbrain pat-
terning (Acampora and Simeone, 1999; Acampora et al., 2005) and itsmain expression domain stops caudally in the midbrain, rostral to the
isthmic organizer region. There is nevertheless an isolated patch of
Otx2 expression at the rostral hindbrain of the mouse and chick
(Simeone and Puelles, unpublished observations) that has not re-
ceived attention previously as regards its neuronal derivatives or pre-
cise neuromeric location. We found that Otx2 cells eventually appear
at the IP, and accordingly examined the origin and possible migration
of these cells during development. Postmitotic Otx2-positive cells ﬁrst
appeared periventricularly in an intermediate basal plate patch
restricted to caudal r1 at HH24 (not shown); this lies under the
Nkx6.1-positive ventricular zone (Fig. 1B). At HH27, Otx2-positive
cells relate topographically strictly to a caudal domain of r1, adjacent
to the r1–r2 boundary (Fig. 6A), lying thus across the subventricular
path of caudal alar PAX7-positive migratory cells (Fig. 6E). Interest-
ingly, we observed at this stage a few Otx2 cells inside the adjacent
ventricular zone, suggesting that the underlying Otx2 population in
the periventricular mantle are originated there (red arrows in
Fig. 6A′). At subsequent stages the Otx2-positive cells translocate ven-
tromedially through the paramedian basal plate (Fig. 6F), progres-
sively approaching the caudal IP between HH36 and HH39 (Fig. 6B,
C,G). Finally, most Otx2 elements appear aggregated in separate lon-
gitudinal clumps along the incipient CCM and CL subnuclei of the
IPC, and some dispersed cells are seen also at the CA (Fig. 6D,G,H);
note that no such cells were found at the IPR or Pro. At high magniﬁ-
cation, scattered PAX7-positive cells appear mixed with the Otx2
population of IPC, but none of the Otx2-expressing cells are immuno-
reactive for PAX7 (black arrows in Fig. 6B′,C′).
These data demonstrate the existence of a separate basal cell pop-
ulation contributing to the caudal part of the IP complex. A spatially
restricted group of basal postmitotic cells express Otx2, only at the
caudal part of r1. They seem to be originated at the Nkx6.1-positive
progenitor domain, but, interestingly, they are Nkx6.1-negative.
We also investigated other possible dorso-ventral origins for IP
subpopulations. For instance, we studied a possible contribution of
Dbx1/Dbx2-positive ventricular cells found across the alar–basal
boundary zone (Fig. 1B) or of paramedian Nkx2.2-positive progenitor
cells (Fig. 1B). However, we found no contribution of Dbx1/Dbx2 or
Nkx2.2-positive cells to the IP.
Discussion
We have demonstrated that the IP originates and localizes in the
isthmus and r1. Its structure contains at least ﬁve distinct neuronal
subtypes originated in four different dorsoventral progenitor do-
mains. These subpopulations of the IP are characterized by the ex-
pression of the transcription factors PAX7, Otp, Nkx6.1 or Otx2. We
propose a tripartite rostrocaudal model of the IP, with distinct parts
in the isthmus, rostral-r1 and caudal-r1. These subdivisions are de-
ﬁned by differential expression of one or more of these transcription
factors.
The IP complex originates in the isthmus and r1
Our studies expand previous knowledge of the two main IP parts
(IPR, IPC); whereas we show that these two parts arise in molecularly
distinct rostral and caudal parts of r1 (Aroca and Puelles, 2005), we
also identify a singular third component, the prodromal IP, originated
in the isthmus. These results have been veriﬁed by fate mapping anal-
ysis and contrasted with various molecular markers selective of
adjoining neural domains. There is notably no radial or tangential mi-
gration contributing to the IP from the midbrain or r2. The Nkx6.1-
positive prodromal subnucleus is entirely originated and located in
the isthmus, as we showed with quail/chick chimeras. The PAX7/
Otp-positive cells (plus some Nkx6.1 cells) of the IPR mainly originate
in rostral-r1. Grafts of this area only labeled the IPR. In contrast, Otx2-
positive cells are produced selectively at the caudal r1, and represent
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Fig. 6. Otx2-positive cells of the caudal IP selectively originate in the intermediate basal plate of caudal r1. A–C, Sagittal sections through r1 showing double labeling with PAX7
antibody (brown) and in situ hybridization for Otx2 (blue) in chick embryos at HH27, HH36 and HH39. A, Otx2-positive mantle cells appear in the intermediate basal periventricular
zone next to the r1/r2 boundary (note also Otx2 expression delimiting the caudal midbrain, M, from the isthmus). A′, A higher magniﬁcation view of the local ventricular zone (site
marked by red arrow in A) shows weak Otx2 expression in some of its cells (red arrows), suggesting that Otx2 cells present in the caudal-r1 mantle are produced in the suprajacent
basal VZ. B, C, The Otx2-positive cells of caudal-r1 subsequently migrate to a subpial position within the caudal IP nucleus. Higher magniﬁcation images in B′ and C′ (areas marked
with red arrows in B and C) show that the Otx2- and PAX7-positive IPC populations are entirely independent (black arrows). D, Sagittal diagram showing the distribution of Otx2
cells (green) compared to PAX7 cells (brown) in the IP; the former mainly invade the CCM, plus some scattered cells that occupy the CA subdivision. E–G, Transverse sections
through caudal-r1 at stages HH27, HH29 and HH36. These images correspond to the area boxed in E. The transverse section shown in E at HH27 was double-labeled with PAX7
antibody (brown) and in situ hybridization for Otx2 (blue). A red arrowhead indicates the A/B boundary; note the intermediate basal position of the early-detected Otx2 cells. Sec-
tions in F and G were processed only for in situ hybridization for Otx2. Red asterisks indicate the ﬂoor plate. At HH29 (F), the basal Otx2 cells are more numerous and are initiating a
ventromedial course of migration (compare with E). At HH36 (G), the migrated population massively enters the IPC, forming the CCM and the CL subnuclei, though some dispersed
cells were also found in the CA. H, Schematic cross-section showing the origin, migratory course (green arrow) and ﬁnal distribution of the Otx2-positive basal population in the IPC,
compared to PAX7 cells (brown circles). The CCM, CL and CA subnuclei are also indicated (compare with D). Scale bars=200 μm.
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Control r2 grafts failed to label the IPC, conﬁrming its caudal-r1 origin.
Note that Puelles et al. (2007) postulated an r2 IP component, which
we reinterpret here as the IPC, formed within caudal-r1.
Classic comparative embryologists and anatomists concluded that
the IP belongs to the rostral hindbrain (e.g., Edinger, 1908; Gaupp,
1899; Herrick, 1934; His, 1892; 1895), consistently with our present
results. In contrast, the most widely assumed location for the IP in
the literature is at the midbrain (e.g., Aizawa et al., 2005; Hanaway
et al., 1971; Kuan et al., 2007; Lenn and Bayer, 1986). We believe
this error was essentially due to the anatomic tradition to trace the
human midbrain-hindbrain limit at the upper border of the pontinebulge (e.g., Dong, 2008; Swanson, 2004, p. 1192). This indeed left
the IP, jointly with the whole isthmus and parts of r1 and r2, inside
the ‘midbrain’. However, the clearcut embryonic caudal midbrain
boundary deﬁned by Palmgren (1921) and Vaage (1969, 1973), now
understood to be respected in all vertebrates by the caudal limit of ex-
pression of the Otx2 gene in the midbrain, lies rostral to the IP (Eche-
varría et al., 2003; Hidalgo-Sánchez et al., 2005; Millet et al., 1996).
Moreover, some recent authors have misidentiﬁed the IP primordium
as lying within an area we understand as retromamillary and/or dien-
cephalic tegmentum, wrongly interpreted in its turn as a ‘midbrain’
tegmental domain (e.g., Bayer and Altman, 2006; see for instance
their plate 125D).
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In the developing spinal cord distinct subtypes of motoneurons,
interneurons or glial cells derive from progenitor domains arranged
along the dorsoventral axis of the ventricular zone, each speciﬁed dif-
ferentially by a combinatorial code of transcription factors (Briscoe et
al., 1999; Dessaud et al., 2010; Ericson et al., 1997; Hochstim et al.,
2008). We have applied the same logic to analyze the developmental
construction of the IP in the isthmus and r1.
We observed that the paramedian basal domain of Ist and r1
where Nkx2.2 is expressed upstream of subsequently produced sero-
tonergic raphe neurons is not involved in the development of the IP
(not shown). However, we identiﬁed in r1 at least four different pro-
genitor sources for IP neuronal subtypes, marked by the expression of
PAX7, Otp, Nkx6.1 or Otx2. An additional source of IP Nkx6.1 cells was
found within the isthmus. The existence in r1 of a subgroup of cells
coexpressing PAX7 and Otp suggests a possible ﬁfth IP progenitor
population, possibly intermixed in a salt-and-pepper pattern with
pure PAX7 progenitors in the ventral rim of the alar plate.Otx2
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Fig. 7. Schematic model of the diverse anteroposterior and dorsoventral origins of the IP
Schematic diagrams of transverse sections through the IP complex, representing isthmus (Is
are indicated with red dash-lines in the tripartite sagittal IP model shown in D. Using a colo
domains where PAX7, Nkx6.1, and Otx2 cells arise. A illustrates the isthmic formation of the
Otp cells ﬁrst appear, across the alar–basal boundary. The different trajectories followed by
The ﬁnal fate of the ﬁve IP subpopulations described in this study is represented with the s
speciﬁc names of the IP subnuclei. At least three different subpopulations (labeled with PAX
subnuclei sparsely populated, suggesting additional as yet unknown populations. The IPC dAlar origin of IP cells
The transcription factor PAX7 is expressed at early embryonic
stages in the proliferating alar ventricular zone in the hindbrain
and spinal cord (Jostes et al., 1990). We demonstrated via fate-
mapping that a longitudinal band restricted to the ventral rim of
the r1 alar plate produces postmitotic PAX7-positive cells that mi-
grate massively into the r1 basal plate. This population generates a
ventromedial stream of cells migrating tangentially within the basal
plate. These ventromedial elements ﬁnally reach radially the subpial
IP locus and contribute only to the IPR and IPC subnuclei (Fig. 7).
The fact that the PAX7-positive migration occurs exclusively in r1
(as opposed to Ist or r2) may be due to restrictive direct or indirect
effects at close range of both Fgf8 released from the isthmic organiz-
er and Hoxa2 expressed in r2 (r1 expresses no Hox genes). There
was no earlier description in the literature of this alar–basal migra-
tory pathway, nor were alar r1 cells known to contribute impor-
tantly to the IP nucleus. Our ﬁndings in the chick agree with the
reported expression of PAX7 in the adult mouse IP (Stoykova and
Gruss, 1994).Pro IPCIPR
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r code, we depict differential rostrocaudal and dorsoventral locations of the progenitor
Nkx6.1-positive Pro IP subdivision. In B, the periventricular position is indicated where
the different cell types forming the IP are highlighted with differently colored arrows.
ame color code (colored circles in D). Refer to Fig. 2 (and list of Abbreviations) for the
7, PAX7/Otp, or Otp) populate densely several subnuclei of the IPR (B,D), but leave some
isplays at least two distinct subpopulations expressing either PAX7 or Otx2 (C,D).
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PAX7+ cells, one of them being distinguished by the coexpression
of Otp. The fact that the double-labeled cells enter preferentially the
RDM and RI subnuclei of IPR supports their character as a distinct
cell type, compared to the PAX7+/Otp- cells that invade other IP
parts. PAX7-expressing progenitors that generate multiple neuronal
subpopulations were recently demonstrated at the olfactory neuroe-
pithelium (Murdoch et al., 2010).
We propose that Otp+/PAX7− cells may be generated at the adja-
cent lateral part of the basal plate. This dual alar plus basal cell pro-
duction pattern next to the alar–basal boundary coincides with
early ventricular expression of the Dbx1/2 genes bridging the neigh-
boring alar and basal domains. However, our analysis of the develop-
mental expression of Dbx1/2 in the rostral hindbrain did not disclose
Dbx-expressing cells in the IP complex. We suspect that the postmito-
tic lateral basal neurons immediately downregulate Dbx gene tran-
scription and activate Otp instead.
Basal origins of IP
The basal plate of r1 is divided molecularly into at least three
longitudinal zones, provisionally identiﬁed as medial (paramedian),
intermediate and lateral basal zones.
The medial basal zone is characterized by the expression of Nkx2.2
downstream of Shh signals, and is the site where serotonergic popu-
lations originate (Cheng et al., 2003). However, no IP cells arise from
it, according to our mappings (data not shown).
The intermediate basal zone is characterized by the expression of
Nkx6.1, and this transcription factor plays a role in the speciﬁcation of
neurons (Puelles et al., 2001; Vallstedt et al., 2005). Isthmic interme-
diate basal-plate-derived Nkx6.1-positive cells entirely form the
prodromal IP division (Pro), rostral to IPR, whereas Nkx6.1 cells orig-
inated from the r1 intermediate basal plate target the RCL subnucleus
of IPR, but none appear at the IPC, suggesting an origin restricted to
rostral r1. Previous autoradiographic studies proposed that VTA and
IP neurons were originated at the intermediate third of the basal
plate of the ‘midbrain’ (Hanaway et al., 1971). This is consistent
with present results on the dorsoventral origin of the Nkx6.1-
positive IP populations, but the source was localized by us at the isth-
mus and rostral r1, instead of the midbrain. Interestingly, derivatives
of the mouse midbrain Nkx6.1-positive progenitor domain do not in-
clude the IP nucleus (Prakash et al., 2009).
Otx2 is an essential regulator of the identity, extent and fate of
neuronal progenitor domains in the midbrain (E. Puelles et al., 2003,
2004). We demonstrated the existence of a hitherto unknown source
of Otx2-positive neurons at the intermediate basal zone of the caudal
part of r1. These Otx2 neurons build the mediolateral subdivisions of
the IPC, intermixing with dispersed alar PAX7 cells. Further research
is needed to explain the regional regulatory processes responsible
for the differential formation from dorsoventrally comparable pro-
genitor domains sharing Nkx6.1 expression of the Nkx6.1+/Otx2 –
prodromal IP at the isthmus and rostral r1, whereas Otx2+/Nkx6.1 –
IPC cells are generated at the caudal r1. Interestingly, Nkx6.1 is
known to be a repressor of Otx2 in the midbrain (Prakash et al., 2009).
We had reported previously molecular differences between rostral
and caudal parts of r1 (Aroca and Puelles, 2005). These data, as well as
present results, are consistent with a cryptic neuromeric subdivision
of r1 — such as the r1a and r1b parts suggested by Vaage (1969,
1973). The rostrocaudal histogenetic differences mentioned above
imply steplike rostrocaudal patterning effects possibly related causal-
ly to differential sensitivity of such units to the gradient of FGF8 sig-
naling spreading from the isthmic organizer (reviewed in Echevarría
et al., 2003).
The lateral basal zone of r1 shows ventricular expression of the
transcription factors Dbx1/2 and local subventricular mantle cells ex-
press Otp (Figs. 1B, 5B). According to the close radial correlation of the
Dbx-positive progenitors and the Otp+/PAX7-negative mantle cells atearly stages, the former possibly produce the latter. However, Dbx1/2
expression disappears as postmitotic cells enter the mantle, which
leaves the issue open until cre-mediated lineage tracing data are
available. Basal Otp+/PAX7- cells tend to accumulate at the RDM
and RI subnuclei of the IPR, where they are mixed with PAX7+/Otp+
double-labeled cells. The topography of the subventricular Otp band in
the r1 mantle layer, extending like the Dbx1/2 ventricular bands across
the alar–basal boundary, implies a dorsoventral positional patterning
effect possibly related to ventral SHH signaling and some opposed dor-
salizing effect (Del Giacco et al., 2006). The lack of a similar Otp-cell
source at the isthmus may reﬂect local downregulation by strong
FGF8 signaling, as occurs in zebraﬁsh (Szabó et al., 2009).
In general, all PAX7-positive components of the IPR and IPC, with
or without Otp, are migrated alar cells (restricted to r1), whereas the
remaining populations come either from the intermediate basal zone
(Nkx6.1-positive cells rostrally versus Otx2-positive cells caudally) or
the lateral basal zone (PAX7-negative Otp-positive cells). Our data do
not exclude that additional progenitor domains may exist for other as
yet unidentiﬁed IP cell types.
Migration routes of IP cell populations
Here we identify at least four positionally distinct subpopulations
of the IP originated at different dorsoventral and rostrocaudal sites
across the isthmus and r1. These populations follow different radial
or tangential migrations, or a combination of both types of routes to
form speciﬁc subnuclei of the ipsilateral median and subpial IP com-
plex. We did not observe any cells invading the contralateral side of
the IP in our fate mapping experiments.
The longest migration is that of PAX7 cells, which ﬁrst proceed
tangentially medialwards (topologically ventralwards) within the
basal plate, later switch to a radial course at the medial basal zone,
and ﬁnally aggregate subpially at the median ﬂoor area. Their behav-
ior suggests repelling or non-permissive conditions for migration
within the alar plate, maybe compounded with response to a che-
moattractant from the midline. Since the PAX7 cells do not enter
the ﬂoor plate until they reach a subpial environment, it is possible
that the ﬂoor plate area may offer to migrating neurons different sig-
nals at periventricular, intermediate and subpial levels of the Ist and
r1 median raphe.
The intermediate and lateral basal cell populations destined to
reach the IP largely migrate via radial routes, which ﬁnally also con-
verge medialwards into the median IP formation when they are
close to the brain surface. Previous studies showed that the transcrip-
tion factor Nkx6.1 is necessary for the correct migration and axonal
growth of motoneurons in the hindbrain (Müller et al., 2003; Pattyn
et al., 2003).
The IP migratory behaviors discovered by us still await causal
explanation in terms of molecular guidance mechanisms. General
attracting signals spreading from the hindbrain ﬂoor plate have
been invoked in various reports unrelated to the IP. Floor plate cells
at the ventral midline of the hindbrain express the diffusible protein
netrin-1 (Seraﬁni et al., 1996), that represents a bifunctional guidance
cue that simultaneously attracts some axons to the ﬂoor plate while
steering others away. Netrin-1 is a chemorepellent for the trochlear
motor axons in the isthmus (Colomarino and Tessier-Lavigne,
1995), but attracts the axons of the superior cerebellar peduncle to
their median decussation within the isthmus (Shirasaki et al., 1995).
Moreover, netrin 1 is a chemoattractant for the noradrenergic neu-
rons of the locus coeruleus in r1 (Shi et al., 2008), as well as for the
inferior olivary and pontine neurons (Bloch-Gallego et al., 1999;
Marcos et al., 2009).
The chronology of the arrival of the afferent retroﬂex tract ﬁbers
(from the habenula) at the IP needs to be correlated with these mi-
gration patterns. These ﬁbers are well known to perform an unique
multiple criss-crossing terminal course within the median IP complex
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ciﬁc local signals. Interestingly, they express DCC, a netrin-1 receptor
(Shu et al., 2000), and Semaphorin 5A, another bifunctional guidance
cue (Kantor et al., 2004).
All these general questions about midline signaling affecting the IP
probably require deﬁnitive answers before we can ask how speciﬁc
cell types recognize and invade selectively given IP subnuclei.
Similarity of IP structure in model animals
We are inclined to believe that the studied avian IP pattern can be
extrapolated,mutatis mutandis, to other vertebrates. Molecular mecha-
nisms of brain development are widely conserved in vertebrates. Vari-
ous aspects of the causal background underpining IP development
seem to be plesiomorphic in vertebrates (Nieuwenhuys et al., 1998).
For instance, the isthmic secondary organizer (possibly involved in
the differential AP identities of the three IP parts), Shh-releasing ﬂoor
plate (median signaling), alar–basal boundary properties, basal longitu-
dinal zones, and presence of distinct rostral and caudal parts of the IP
(plus the habenula, retroﬂex tract, and other elements of the related cir-
cuitry) are all widely conserved features. The isthmic prodromal IP part
characterized in the present work (see also Puelles et al., 2007) is prob-
ably homologous to the dorsomedial (DM) subnucleus conventionally
assigned to the mammalian IPR (e.g., the IPR-DM subnucleus of mam-
mals). This is supported by data found at the Allen Developing Mouse
Brain Atlas (developingmouse.brain-map.org) showing a restricted
isthmic cell population expressing netrin G2 (ntnG2) that migrates
radially into the ‘prodromal’ locus of the IP, strictly imitating Nkx6.1-
expressing cells. These cells acquire postnatally the topography of the
DM subnucleus. Using as a reference a standardized rhombomeric tridi-
mensional framework to interpret the brain sections, the usual ‘coronal’
diagrams for rodent IP subdivisions (e.g., Franklin and Paxinos, 2008;
Paxinos and Watson, 1998) result comparable to horizontal or oblique
sections through our avian model. Notably, the tendency of the IPC to
subdivide into parasagittal strips of cells is manifest in both chick and
mouse.
Our present data showing genoarchitectonic heterogeneity of
individual IP cell populations invites comparative analysis in other
animal forms. Our analysis of relevant literature leads us to think
that avian and mammalian IPR and IPC parts correspond to what is
wrongly interpreted as dorsoventral IP subdivisions in zebraﬁsh
(e.g., Aizawa et al., 2005; Gamse et al., 2005).
The mammalian habenula is subdivided into medial and lateral
habenula. Only the medial habenula projects to the IP via the retroﬂex
tract (Herkenham and Nauta, 1979). However, the asymmetric habe-
nulae of ﬁsh and amphibians are subdivided into dorsal and ventral
parts, and the dorsal part projects to the IP (Aizawa et al., 2005).
Recent studies have demonstrated that the dorsoventral organization
of the zebraﬁsh habenula results from dynamic morphogenetic
changes, so that the dorsal and lateral habenula of zebraﬁsh are
homologs of the mammalian medial and lateral habenulae, respec-
tively (Amo et al., 2010). This was to be expected in this very conser-
vative neural system, already present in the lamprey and myxine
(agnatha), and suggests that some apparent anatomic differences lie
more in the eye of the beholder, so to speak, than in nature.
Final remarks
We report here the ﬁrst detailed developmental study of the IP in
any vertebrate species. Our results provide new insight into the rea-
sons of the well-known anatomic complexity of this rostral hindbrain
formation, since we propose here novel evidence for dorsoventral
(alar and basal) and anteroposterior progenitor domains that sepa-
rately contribute molecularly diverse cell populations in a speciﬁc
pattern to the set of subnuclei of the IP complex. The IP is built basi-
cally into three rostrocaudal parts across isthmus and rostral andcaudal halves of r1, the last two being further subdivided into smaller
nuclear units. PAX7-positive progenitors contribute to at least two
alar cell lineages with differential ﬁnal distribution in the IP. Otp-
positive progenitors can be either basal or alar, in the second case
sharing PAX7-expression, and both contribute to the IPR. Along the
intermediate basal plate zone, isthmic and rostral r1 progenitors pro-
duce Nkx6.1-positive Pro and IPR cells, separately from the Otx2-
positive IPC subpopulations generated at caudal r1 levels. We argued
that the differential anteroposterior molecular histogenetic pattern
across the IP possibly relates causally to FGF8-mediated signaling
from the isthmic organizer.
Our results reveal a singular complexity in the origin of IP compo-
nent cell populations, which illuminates some of the reasons why this
formation is so complex chemoarchitectonically and hodologically.
Although the detailed causal reasons for its marked structural, con-
nective and functional heterogeneity still remain obscure, the present
data provide us with new conceptual instruments to explore further
this mysterious and ancient brain structure.
Abbreviations
3 oculomotor nucleus
4 trochlear nucleus
CA caudal apical subnucleus of IPC
Cb cerebellum
CCL caudal centrolateral subnucleus of IPC
CCM caudal centromedial subnucleus of IPC
CL caudal lateral subnucleus of IPC
IP interpeduncular nucleus
IPC caudal IP nucleus
IPR rostral IP nucleus
Ist isthmus
LoC locus coeruleus
M midbrain
MZ mantle zone
mlf medial longitudinal fasciculus
Pro prodromal nucleus of IP
r1 rhombomere 1
r1-c caudal rhombomere 1
r1-r rostral rhombomere 1
r2 rhombomere 2
RA rostral apical subnucleus of IPR
RCL rostral centrolateral subnucleus of IPR
RCM rostral centromedial subnucleus of IPR
RDM rostral dorsomedial subnucleus of IPR
RI rostral intermediate subnucleus of IPR
RL rostral lateral subnucleus of IPR
SubC nucleus subcoeruleus
VTA ventral tegmental area
VZ ventricular zone
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